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Abstract
Over 200 mutations in the retina specific member of the ATP-binding cassette transporter superfamily
(ABCA4) have been associated with a diverse group of human retinal diseases. The disease mechanisms, and
genotype–phenotype associations, nonetheless, remain elusive in many cases. As orthologous genes are
commonly mutated in canine models of human blinding disorders, canine ABCA4 appears to be an ideal
candidate gene to identify and study sequence changes in dogs affected by various forms of inherited retinal
degeneration. However, the size of the gene and lack of haplotype assignment significantly limit targeted
association and/or linkage approaches. This study assessed the naturally observed sequence diversity of
ABCA4 in the dog, identifying 80% of novel variations. While none of the observed polymorphisms have
been associated with blinding disorders to date, breed and potentially disease specific haplotypes have been
identified. Moreover, a tag SNP map of 17 (15) markers has been established that accurately predicts common
ABCA4 haplotypes (frequency > 5%) explaining >85% (>80%) of the observed genetic diversity and will
considerably advance future studies. Our sequence analysis of the complete canine ABCA4 coding region will
clearly provide a baseline and tools for future association studies and comparative genomics to further
delineate the role of ABCA4 in canine blinding disorders.
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Abstract
Over 200 mutations in the retina specific member of the ATP-binding cassette transporter super-
family (ABCA4) have been associated with a diverse group of human retinal diseases. The disease
mechanisms, and genotype–phenotype associations, nonetheless, remain elusive in many cases. As
orthologous genes are commonly mutated in canine models of human blinding disorders, canine
ABCA4 appears to be an ideal candidate gene to identify and study sequence changes in dogs affected
by various forms of inherited retinal degeneration. However, the size of the gene and lack of haplotype
assignment significantly limit targeted association and/or linkage approaches. This study assessed
the naturally observed sequence diversity of ABCA4 in the dog, identifying 80% of novel variations.
While none of the observed polymorphisms have been associated with blinding disorders to date,
breed and potentially disease specific haplotypes have been identified. Moreover, a tag SNP map of
17 (15) markers has been established that accurately predicts common ABCA4 haplotypes (frequency
> 5%) explaining >85% (>80%) of the observed genetic diversity and will considerably advance
future studies. Our sequence analysis of the complete canine ABCA4 coding region will clearly
provide a baseline and tools for future association studies and comparative genomics to further
delineate the role of ABCA4 in canine blinding disorders.
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Introduction
The ATP-binding cassette (ABC) transporter A-subfamily consists of a large number of
transporter proteins, many of which are associated with inherited disorders (Holland et al.
2003; Albrecht and Viturro 2007). Only one member, ABCA4, is specific to the retina, and is
expressed in the photoreceptor outer segments (Sun and Nathans 1997). More than 500 putative
mutations are proposed for ABCA4 in humans. To date, over 200 of these have been implicated
with disease phenotypes (OMIM #601691), the vast majority of which are linked to Stargardt
disease (STGD), a juvenile form of macular degeneration (Sun et al. 2000; Webster et al.
2001; Klevering et al. 2005). Individual mutations, however, also cause cone-rod dystrophy
(Ducroq et al. 2002), and retinitis pigmentosa (RP) (Cremers et al. 1998); involvement with
age-related macular degeneration has been suggested by several reports (Allikmets et al.
1997; Shroyer et al. 2001). Many of these studies are based on allele association with the retinal
phenotype, yet the contribution of individual sequence changes and the mechanism leading
from mutation to disease is often unclear.
In humans, individual defects are frequently limited to small cohorts or families, barely
sufficient to securely associate genotype to phenotype (Stone 2003), and in-depth clinical
investigations are limited to non-invasive procedures that depend on patient availability
(Kitiratschky et al. 2008; Cideciyan et al. 2009). Progress in understanding the disease has
resulted from a series of elegant biochemical and expression studies (Sun et al. 1999, 2000;
Sun and Nathans 2001) demonstrating that the ABCA4 candidate ligand is all-trans-retinal, a
chromophore implicated in facilitating light damage of the retina (Sun et al. 1999). In short,
by transporting either all-trans-retinal or the Schiff base adduct of all-trans-retinal and
phosphatidylethanolamine from the luminal to the cytosolic disc membrane, ABCA4 likely
accelerates the reduction to all-trans-retinol, which is thought to be the rate-limiting step in
the visual cycle.
Development of an Abcr knockout mouse provided additional insights into the role of this
pathway in vivo, but failed to display all features of the human disease (Weng et al. 1999;
Molday et al. 2009). Notably, the murine model accumulates A2E deposits, a major lipofuscin
fluorophore and toxic all-trans-retinal derivate, in the retinal pigment epithelium (RPE), which
can be blocked through administration of isotretinoin (Radu et al. 2003). Since accumulation
of lipofuscin pigments is assumed to be the primary pathologic defect in Stargardt disease,
these studies grant hope for potential therapeutic intervention. Retinal degeneration, however,
is not reproduced in pigmented abca4−/− strains, and is difficult to distinguish from light and/
or age dependent damage in albino mice (Radu et al. 2008). While progress has been achieved
by addressing these questions by in vitro experiments (Liu et al. 2008), to date, there are no
other animal models available to study the specific role of ABCA4 mutations on RPE and/or
photoreceptor degeneration.
Thus far, studies in canine models based on few polymorphic markers in informative families,
have excluded ABCA4 from association with two autosomal recessive, non-allelic forms of
canine cone-rod degeneration (crd1, crd2) (Kijas et al. 2004) and cone-rod dystrophy in the
standard wire haired dachshund (Wiik et al. 2008). The large size of the ABCA4 coding region
and the population structure of the dog that is segregated into genetically isolated breeds
(Quignon et al. 2007) pose significant limitations for the identification of variations that are
potentially important in only a few breeds. Thus, a study excluding ABCA4 from association
with various forms of progressive retinal atrophy (PRA), the canine RP homologous group of
diseases, in 17 breeds was based on identification of only 18 polymorphisms by SSCP
(Lippmann et al. 2006). While association studies would be more appropriate for studies of
ABCA4 in the dog, these rely on identification and availability of representative markers. This
study provides the first in-depth analysis on sequence diversity of ABCA4 in the dog, providing
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a total of 41 high frequency (>10%) markers in exons and intronic flanking region, resulting
in 17 tag SNPs. In addition, several breed-specific variants and rare alleles were identified that
are suitable for follow-up investigations in individual breeds. The current data set establishes
a baseline for the expected variation of ABCA4 in the dog and, therefore, enables targeted
association studies in the future.
Methods
Animal samples
Blood from dogs with autosomal recessive retinal degeneration, collectively referred to as
progressive retinal atrophy (PRA), was collected previously and stored after consent of the
owners. All animals were examined either by one of the two authors (GDA, GMA) or
collaborating board certified veterinary ophthalmologists, and diagnosis was verified in all
cases based on the breed-specific age of onset for retinal disease after exclusion of known
mutations [progressive rod-cone degeneration (Zangerl et al. 2006), rod-cone dysplasias (Suber
et al. 1993; Kukekova et al. 2009). These include breeds for which (a) the mode of inheritance
is known, but insufficient cases for genome wide association studies are available (AKI, BUM,
ESS, GOS, GSH, GSP, PAP, TIS, TT; see Table 1 for details on breed abbreviations); (b) only
isolated cases were reported, and no literature is available or the mode of inheritance is not yet
defined (e.g. EMD: not defined, SCW: no literature); (c) other retinal disorders have been noted
as segregating in the breed, but have been excluded as causative in the respective individuals
(BRI, CSNB; MSH, Type A-PRA); (d) other mutations are known that may interact with or
modify a different disease gene (MLD). In total, 26 affected animals representing 23 known
PRA breeds were entered into the current study (Table 1). Due to selection criteria (animals
born to unaffected parents) and/or based on previous studies, mode of inheritance was
considered autosomal recessive for all cases enrolled in the study (Aguirre and Acland 2006).
Unrelated control animals for PRA breeds were included, if available, as part of our archived
sample resource (ADT, AKI, BAS, BMD, GIT, IGH, PAP, TT). In addition, three unrelated
breeds (BOT, HUS, RRB) were added to address allele frequencies of sequence changes in a
wider spectrum of dog breeds, and potentially correct for association by breed rather than
disease. Thus, a total of 12 control animals from 11 different breeds were used (Table 1).
Exon screening
DNA was extracted from 200 μl total blood using QIAmp DNA Mini Kit (Qiagen) according
to the manufacturer's protocol. PCR primers were designed using Vector NTI™ v.10.3.0
software package based on comparison of the canine ABCA4 cDNA sequence
(NM_001003360) to the dog genome draft (http://www.genome.gov/12511476, version May
2005) to primarily amplify exonic sequences, including small introns in selected cases (Suppl.
Table 1). PCR products resulting from standard amplification were sequenced in both
directions using PCR primers on an ABI capillary sequencer at the University of Pennsylvania
core facility after purification with either QIAquick Gel Extraction Kit (Qiagen) or QIAquick
PCR Purification Kit (Qiagen).
Data analysis
Sequences were analyzed with the Sequencher® v.4.7 software; observed polymorphisms were
placed on the canine genome draft sequence (http://genome.ucsc.edu/, version May 2005), and
compared to the Broad SNP set (Lindblad-Toh et al. 2005). Allele frequencies were calculated
manually over the complete data set, haplotype analysis and identification of tag SNPs were
performed with the HapBlock software (Zhang et al. 2005). Haplotype structure was evaluated
based on common haplotypes (frequency > 5%) to explain the majority of observed variation
(80 and 85%, respectively). Population pair-wise FST's were computed using Arlequin v.3.1
(Excoffier et al. 2005), and further analyzed for statistical significance between affected and
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control animals and different breeds on a global and locus-by-locus basis using analysis of
molecular variance (AMOVA). Breed and disease status was taken into account for analysis
of polymorphisms and enabled identification of dog specific ABCA4 haplotypes.
Results
ABCA4 population structure
Genomic variation—A total of 38 dogs from 26 different breeds (Table 1) were sequenced
each for 16,484 bp of the complete ABCA4 coding region and flanking introns. Overall, these
data present 13% coverage of the roughly 128,000 bp genomic ABCA4 region. The analyzed
sequence harbored 88 sequence changes (Suppl. Table 2) in comparison to the canine genome
draft sequence (http://genome.ucsc.edu/, version May 2005), only 18 of which had previously
been reported; novel variants were submitted to the dbSNP data base (NCBI ss# 244242169–
244242238). This predicts an average variation of one polymorphism/400 bp within the
ABCA4 coding region (total 17 polymorphisms; 14 transitions, 3 transversions), and an almost
threefold increase in the variation for adjacent non-coding areas of the gene. In detail, these
changes consist of 60 transitions, 24 transversions, 2 deletions, and 2 insertions. Nonetheless,
only 34 polymorphisms are shared in more than three different breeds (Suppl. Table 2, multiple
breeds), and almost half (40) of the polymorphisms have a rare allele frequency of <5% in the
data set. While these are potentially unfavorable markers for large population screens, rare
alleles are commonly associated with disorders and/or specific to certain dog breeds.
Haplotype analysis—Due to the size of the ABCA4 gene, the most robust haplotype
structure, explaining the majority, >85% (>80%), in the diversity of common haplotypes
(frequency > 5%), was obtained by dividing the complete data set into 9 (6) blocks (Suppl.
figure 1). In general, two haplotypes were observed at high frequency (>10%) for individual
blocks, with higher variability predicting up to four common haplotypes for 5′ exons (Suppl.
figure 1, block 1 and 2). These data identified 17 (15) tag polymorphisms (Table 2, Suppl.
figure 1, Suppl. Table 2), which enable prediction of ABCA4 haplotypes with the same degree
of certainty obtained from a complete genomic exon scan and are the recommended markers
for future ABCA4 population screens.
AMOVA was applied to test for genetic distance among breeds from the total data set resulting
in only marginal significance (p = 0.049 ± 0.006). Accordingly, only two pairs of breeds could
be distinguished applying a pair-wise comparison between breeds; BAS from GIT, and HUS
from MSH. Particular attention was given to 17 polymorphisms located in the coding region
(Suppl. Table 3). Haplotype prediction using Arlequin v3.1 estimated up to 31 possible
chromosomes in the data set. A single haplotype (Suppl. Table 3, haplotype 14), however, is
observed at high frequency (>10%), and over 20% of the chromosomes are only observed once
(frequency 0.01) in the data set.
ABCA4 and PRA
Sequence variation—While the main focus of this study aimed to identify haplotype
structure and develop screening sets for association studies in dog breeds affected with PRA,
five sequence variations identified in affected animals were considered for association with
disease. Three heterozygous nucleotide changes (Suppl. Table 2, Suppl. figure 1; 58129706,
58152042, and 58174454) were observed in only one affected dog of the ADT, EMD, and
MLD breeds, respectively. The polymorphism specific to the ADT was not present in the non-
affected control animal; no control animals were available for the other two breeds. The MLD,
on the other hand, is homozygous affected for the RPGRIP1 mutation (Mellersh et al. 2006),
suggesting that the observed polymorphism, at best, may be a modifier for disease. These
ABCA4 sequence variations cannot be excluded with certainty from association with disease.
Zangerl et al. Page 4
Mol Genet Genomics. Author manuscript; available in PMC 2010 October 14.
Another heterozygous polymorphism in the 5′UTR region of an affected BMD (Suppl. Table
2, Suppl. figure 1; 58112910) was examined further in 12 non PRA-affected BMD, and showed
an allele frequency of ~7% in this population (data not shown). The PRA-affected GSP was
homozygous for a single polymorphism (Suppl. Table 2, Suppl. figure 1; 58124361) in intron
4. This polymorphism was subsequently typed in nine non-affected animals from the same
breed, and shown to be breed specific (70% allele frequency), but no linkage with disease could
be established (data not shown).
Only five of the identified polymorphisms cause changes in the amino acid (aa) sequence (Table
3; 58168353, 58180284, 58198327, 58207091, 58216455). Three of these have previously
been excluded from causative association with PRA (Kijas et al. 2004; 58168353, 58198327,
58216455). Although the remaining two changes are conserved in published ABCA4 sequences
of other species (Table 3), distribution in affected and non-affected animals within the present
data set excludes them from association with retinal degeneration (Suppl. figure 1, Suppl. Table
3).
Disease haplotypes—Low frequency SNPs observed in one or a few individuals only
contributed to rare haplotypes predicted by HapBlock (Suppl. figure 1). Thus, the affected GOS
is the only individual heterozygous at four different polymorphic positions (58167425,
58182988, 58190633, 58231826) not present in normal dogs, but disease association can be
excluded based on the presumed recessive nature of the trait in the breed. The same applies to
another polymorphism shared between this breed and a PRA-affected BRI (58231826).
Focusing on the ABCA4 coding region only, 16 of the 31 observed haplotypes were present
exclusively in affected dogs (Suppl. Table 3; haplotypes 1, 6–9, 16, 17, 19–23, 28–31); the
most common one having a frequency of 7.9% (16). To this end, no significant difference was
found between affected and non-affected individuals (p = 0.918 ± 0.009) in a global AMOVA
analysis, nor did any single polymorphism show significant difference between these two
groups in the locus-by-locus analysis. However, two PRA-affected dogs, GIT and GSP, were
homozygous for one of those haplotypes, while another 5 individuals, two BAS, BRI, SCW,
and SSD, were compound heterozygotes for different haplotype combinations. Although these
results could result from a bias of PRA-affected animals and breeds, haplotypes specific to
diseased animals could potentially contribute to modifying and/or complex inherited disease
traits.
Discussion
Rapid advancements in identification and screening for sequence variations has contributed
greatly to the definition of population structure and increased our ability to start teasing out
genetic interaction and modification determining phenotypic expression of variable traits.
While the ABCA4 mutation database
(http://www.retina-international.org/sci-news/abcrmut.htm) lists several hundred observed
changes, only few have been reproducibly associated with distinct disease phenotypes in
patients. In fact, many times the development of clinical disorders is ascribed to a combination
of gene modifications (Klevering et al. 2002). Despite all efforts to develop suitable model
systems addressing genotype–phenotype correlations, as well as offering insights into disease
mechanisms, the current limitations of small sample sizes for human cohorts, small animal
models, and in vitro studies have yet to be overcome.
Attempts to identify a large animal model are often based on linkage analysis in well
characterized pedigrees (Kijas et al. 2004; Wiik et al. 2008). In recent years, these elaborate
methods are being replaced by time and cost-effective screening methods. A study
investigating ABCA4 in 25 dog breeds affected with PRA identified 18 sequence variants,
including a single aa change, by SSCP (Lippmann et al. 2006). ABCA4 was excluded as
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causative gene for PRA in 17 breeds, but could not be assessed in the remainder. Lack of in-
depth sequence variation, however, not only compromises exclusion of some breeds, but also
negates deductions of prospective markers and/or test sets. To overcome these limitations, we
significantly increased our knowledge of variability and potential haplotype structure of the
canine ABCA4 through DNA sequencing of 38 individual dogs from 26 breeds (Table 1), which
resulted in the overall identification of 88 polymorphisms in exons and surrounding intronic
sequence (Suppl. Table 2). A threefold increased mutation rate in the ABCA4 non-coding
region, as well as the 2.5 times bias towards transitions than transversions, rejects
predisposition to a particular mutation mechanism or hotspot throughout the genomic
ABCA4 region. Thus, a reasonably predictive tag marker set could be developed utilizing 17
or 15 SNPs sufficient to recognize >85% and >80%, respectively, of the observed genomic
diversity at this locus (Table 2, Suppl. figure 1), and will facilitate future population and/or
association studies of ABCA4.
Most variability is observed within the 5′ region of the gene (Suppl. figure 1), without indication
that this is related to regulatory function. Despite the lower number of haplotypes in and around
3′ exons, the total amount of polymorphisms is higher due to accumulation of multiple rare
variants in few breeds (e.g. AKI, BAS, ADT). One could propose that this is a result of stronger
influence of negative selection and genetic drift to eliminate potentially harmful haplotypes,
or differences in local recombination rates, irrespective of the location of predicted
transmembrane and nucleotide binding domains. It should be pointed out that these rare
haplotypes appear more commonly in presumed “ancient” dog breeds, e.g. BAS, AKI, or HUS
(Vonholdt et al. 2010). Variations shared between breeds that typically do not cluster based on
large genomic data sets (Parker et al. 2004) may hint at more recent breed admixture (BAS
and BMD), or result from geographic proximity of the breed origin (SSD and ADT). The
inability of the genetic variation to differentiate breeds or affected animals in the current data
set is likely due to the small number of animals/breeds sequenced. However, rare, but breed-
specific alleles, can now be utilized to address focused questions in the respective breeds.
Non-coding sequence variants were excluded from simple Mendelian disease association based
on segregation in the affected animals or allele frequency in the breed (7% BMD; 70% GSP)
under the assumption of autosomal recessive disease models. Comparable to few frequent
haplotypes (>10%) observed within the complete data set (2–4 in Suppl. figure 1), 17
polymorphisms located within the ABCA4 coding region account for a single common
chromosome (Suppl. Table 3, haplotype 14). The vast majority of minor frequency haplotypes
is private to specific breeds and/or individuals; therefore, their relevance to gene function
cannot be deduced at this time. These haplotypes encompass five missense mutations (Suppl.
Table 3, alternative alleles underlined), three of which (58168353, 58198327, 58216455) were
excluded from disease association in the current and previous models (Kijas et al. 2004).
Despite the potential molecular consequences of 58168353 and 58198327, they are not located
within structural or functional domains, such as predicted ABC transmembrane domain (TD),
nucleotide binding domains (NBD) or glycosylation sites. On the other hand, 58216455,
located within a putative TD, is a conservative change with the mutant allele common in other
species (Table 3). One of the remaining mutations, 58180284 (BICF2P1361455), was not
identified within known domains or a functional site, nor did the segregation within our sample
set (26% allele frequency) or previous studies (Lindblad-Toh et al. 2005) support pathogenic
potential. The non-conservative Arg1539Gly change (58207091), however, is correlated with
a putative topological domain, and appears to affect a highly conserved site (Table 3, human,
rhesus). Although the mutant allele has a higher frequency in normal versus affected animals,
we cannot satisfactorily conclude form the current data that the variant by itself, or in
combination with other nucleotide changes in ABCA4 may contribute to a genetic load that
serves as negative or protective modifier of retinal diseases, which could particularly benefit
such breeds as MLD with other known molecular defects. Our work should provide a
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foundation to further evaluate such effects. Interestingly, contrary to recent suggestions from
comparative data (Gibbs et al. 2007), we did not find a bias of the human ABCA4 protein
towards potentially disease-causing variants based on our data set, but this could simply
indicate that none of the sequence changes found have an impact on retinal disorders.
Given the high incidence of ABCA4-associated disease in humans, the lack of association
between sequence variations and retinal disorders in canines is rather surprising, particularly
considering the high conservation of both the gene and the polymorphic coding sites (Table
3). Our results raise the question as to whether the association between retinal disease and
sequence variations observed in only one or a few human patients might be associated with
rare alleles rather than disease (Stone 2007). Alternatively, disadvantageous polymorphisms
might not readily lead to a disease phenotype in the dog. It also has to be pointed out that
ABCA4 disease involving the macula in human patients (Cideciyan et al. 2005) may manifest
differently in non-primate species missing this characteristic formation of rod/cone
arrangements. Recent studies suggest that such structural aspects could significantly contribute
to species variation and even alter the mode of inheritance for some disease models (Guziewicz
et al. 2007).
We anticipate that our study will lead the way to an efficient and in-depth screening of the
ABCA4 gene in a variety of canine populations. This will enable the rapid identification of
individuals with potential mutations in this gene, and also provide insight into the influence of
ABCA4 haplotypes on retinal disease. Such steps are essential for the advancement of
comparative genomic approaches, and the suitable study of pedigrees to address phenotype–
genotype correlations at this highly variable locus.
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